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Altered glomerular permeability as a result of focal detachment
of the visceral epithelium
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Altered glomerular permeability as a result of focal detachment of the
visceral epithelium. Changes in the permeability of the glomerular
capillary wall (GCW) to native ferritin (NF), following detachment of
the visceral epithelium from the glomerular basement membrane
(GBM) were investigated. Detachment was induced by either perfusing
kidneys with highly purified neuraminidase or by the induction of
nephrosis through administration of puromycin aminonucleoside
(PAN). Both experimental treatments resulted in marked glomerular
ultrastructural changes which were characterized by focal detachment
of the visceral epithelium from the GBM, replacement of the normal
pattern of interdigitating foot processes with flattened expanses of
continuous epithelium at certain areas of the GCW, and a generalized
loss of the sialic acid-rich epithelial cell coat in areas where the
epithelium was detached as well as where it remained adherent. These
changes were more frequent and prominent in the paramesangial
regions of the glomeruli. When experimentally treated kidneys were
perfused with NF, the tracer leaked into the urinary spaces in those
areas of the GEM where the epithelium was detached. By contrast, in
those areas of the GCW where the epithelium remained adherent, the
tracer localized within the GBM mainly at the level of the lamina rara
interna (LRI), and none of it appeared in the urinary spaces. Nephrotic
and neuraminidase control kidneys were ultrastructurally normal, NF
localizing mainly in the inner layers of the GEM. These data are
consistent with the idea that the firm attachment of the epithelial foot
processes to the GBM plays a vital role in determining the permselecti-
vity properties of the GCW to plasma macromolecules.
Alteration de Ia permeabilite glomérulaire par détachement focal de
l'Cpithélium visceral. Les modifications de Ia perméabilite de Ia paroi du
capillaire glomérulaire (PCG) a Ia ferritine native (FN) après détache-
ment de l'Cpithélium visceral de Ia membrane basale glomérulaire
(MBG) Ctaient étudiC. Le détachement a etC induit soit en perfusant les
reins avec de Ia neuraminidase hautement purifiCe, soit en induisant une
nCphrose par administration de puromycine aminonuclCoside (PAN).
Les deux protocoles expCrimentaux ont entrainC des modifications
marquees de l'ultrastructure glomCrulaire caractérisCes par un dCtache-
ment de l'CpithClium visceral de Ia MBG, par le remplacement de
l'aspect normal d'intrication des pieds des podocytes par des prolonge-
ments aplatis d'epithelium continu a certains endroits de Ia PCG, et par
une perte genCralisee de Ia couverture cellulaire epitheliale riche en
acide sialique dans les zones oü l'CpithClium s'est dCtachd comme dans
celles ofi il est restC adherent. Ces modifications Ctaient plus frCquentes
et plus marquees dans les regions paramesangiales des glomerules.
Quand des reins ainsi traitCs étaient perfuses avec de Ia FN, le traceur
fuyait dans les espaces urinaires des zones oO l'CpithClium de Ia MBG
s'Ctait dCtachC. En revanche, dans les zones de PCG oU l'épithélium
demeurait adherent, Ic traceur restait localisC principalement dans Ia
lamina rara interna (LRI) de Ia MBG, et il n'en apparaissait pas dans les
espaces urinaires. Les reins contrôles Ctaient d'ultrastructure normale,
Ia FN restant principalement localisCe au niveau des couches internes
de Ia MBG. Ces données sont en accord avec l'idCe que Ia soliditC
d'attachement des pddicelles epithCliaux a Ia MBG joue un role vital
dans les propriCtCs de permsClectivite de Ia PCG aux macromolecules
plasmatiques.
Maintenance of normal glomerular permselectivity properties
is dependent upon the structural integrity of the glomerular
capillary wall (GCW), and in particular, the attachment of the
epithelial foot processes to the underlying glomerular basement
membrane (GBM). Disruption of this attachment, as occurs in
puromycin aminonucleoside induced-nephrosis (PAN-nephro-
sis), results in an enhanced permeability of the GCW to a
variety of tracers in areas where the epithelium has been
detached but remains normal where it is adherent [1—3]. Cyto-
chemical analysis of the GCW of PAN-nephrotic rats reveals a
loss of surface membrane-associated sialic acid from both
detached and GBM adherent foot processes [4]. Additionally,
no readily observable changes in either the number or distribu-
tion of the anionic sites, which impart to the GBM its electro-
negativity [51, have been detected by either cationic ferritin
(CF) and cationic cytochrome-c binding or ruthenium red
staining [6], although a uniform reduction in the overall charge
density of the GBM has been reported utilizing lysozyme as a
cationic probe [7]. As a result, the enhanced permeability of the
GCW to plasma proteins and the resultant proteinuria that
occurs in PAN-nephrosis has been linked to a structural defect
in the GCW rather than to changes in the composition of the
GBM itself [3].
Recently, perfusion of kidneys with neuraminidase was
shown to produce changes virtually similar to those seen in
PAN-nephrosis characterized by focal detachment of the
glomerular epithelium from the GBM and a generalized loss of
foot process membrane associated sialic acid [8]. No concomi-
tant changes were observed in either the number or distribution
of the anionic sites of the GBM. As a result, neuraminidase
treated kidneys offer an ideal experimental model with which to
study nephrotic states which exhibit GCW lesions. Therefore,
in the present investigation, changes in the permeability of the
GCW to native ferritin (NF) in neuraminidase perfused kidneys
were studied in order to gain further insight into the etiology of
the proteinuria observed in many human and experimentally
induced nephroses. The results reveal enhanced permeability of
the GCW to NF only in areas where the GMB has been denuded
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of its epithelial covering, and suggest, that as in the case of
PAN-nephrosis, it is the structural defect that might be respon-
sible for the increased permeability. The possibility that this is a
result of local changes in the compliance of the GCW is
discussed, as is the relative role of the GBM in establishing the
selective permeability properties of the GCW in the light of
these findings.
Methods
Male Sprague-Dawley rats weighing 150 to 200 g were used
(Charles River Breeding Laboratories, North Wilmington, Mas-
sachusetts). Materials were purchased as follows: chromato-
graphically purified neuraminidase (Clostridium perfringens)
and soybean trypsin inhibitor (SBTI) from Worthington Bio-
chemical Corporation, Freehold, New Jersey; puromycin amin-
onucleoside (PAN) (6-dimethylamino-9 [3 'amino-3'deoxyribo-
syl purine]) from Sigma Chemical Company, St. Louis, Missou-
ri; horse spleen ferritin, two times crystallized (cadmium free)
from Calbiochem, San Diego, California; and bovine serum
albumin (BSA) from Reheis Chemical Company, Phoenix,
Arizona. Colloidal iron (CI) was prepared by the method of
Rinehart and Abui-Haj [9].
Preparation of neuraminidase perfusates. Neuraminidase
perfusates, at concentrations of 0.5 U/mi (40 pgIml) and 1.0
U/mi (80 g/m1) were prepared in a vehicle of 0.1 M sodium
chloride acetate buffer, pH 5.4, containing 0.5 p.g/mi and 1.0
g/ml of SBTI, respectively. SBTI was included to abolish any
contaminating tryptic activity. The perfusates were prepared
immediately prior to use and within a few days after the enzyme
was received since storage of the enzyme for even a short
period of time led to a marked and variable reduction in its
enzymatic activity.
Experiments with neuraminidase perfused kidneys. Each
animal was anesthetized by an intraperitoneal injection of
mactin (10 mg/l00 g of body wt), the abdominal cavity exposed
by a midline incision, the abdominal aorta dissected out and a
mini-clamp placed below the origin of the left renal artery. An
18-gauge cannula was then introduced into the aorta distal to
the clamp, a ligature was placed around the cannula, and the
mini-clamp was removed. Subsequently, a second ligature was
placed around the aorta just above the origin of the left renal
artery, and the kidney was perfused in a retrograde manner
through the renal artery. Thereafter, the thoracic cavity was
opened and a snip incision made into the right atrium to allow
for egress of the perfusate. Perfusion was carried out under
isothermic conditions (37° C) at a pressure of 100 to 120 mm Hg
and a flow rate of 5 to 7 mllmin. The sequence of perfusion was
oxygenated Hanks balanced salt solution (HBSS) for 30 sec.
neuraminidase perfusate for 10 to 12 mm (—-50 ml), HBSS for 30
sec, and KRB containing 10 mg/mi of NF and 7.5% BSA for 2
mm (—15 ml). While maintaining a constant flow rate of the NF
containing perfusate (—2 mm), the kidney was subsequently
fixed in situ by a subcapsular injection of Karnovsky's aldehyde
fixative (7.5% giutaraldehyde and 7.5% paraformaldehyde in
0.15 M cacodylate buffer, pH 7.4) at the hilus while simulta-
neously dripping fixative over the kidney surface. The renal
artery and vein were then clamped, the renal capsule was
stripped off, and the whole kidney was immersed in the same
fixative for an additional 2 hr [10]. Neuraminidase controls were
perfused in an identical fashion with the exception that neur-
aminidase was deleted from the enzyme perfusate.
Experiments with PAN-nephrosis. Twelve animals were ren-
dered nephrotic by a single i.v. injection of 15 mg/lOO g of body
wt of a 2% PAN solution in normal saline. Nine animals, which
served as controls, were injected with an equal volume of
normal saline. Four nephrotic and three control animals were
sacrificed 6, 9 and 12 days after PAN administration since
maximal proteinuria is induced during this time interval (6 to 12
days after PAN administration) [3]. Nephrotic animals and their
controls were perfused with KRB-BSA containing NF as de-
scribed above.
Experiments with colloidal iron (CI). Kidneys derived from
nephrotic, nephrotic control, neuraminidase treated, and neur-
aminidase control animals were stained with CI as follows:
Each kidney was perfused in sequence with Karnovsky's
aldehyde fixative pH 7.4 (25 ml), 0.15 M cacodylate buffer, pH
7.4 (25 ml), and colloidal iron stain (25 ml). The latter was
prepared by mixing one part glacial acetic acid with four parts
of a stock CI solution and the pH adjusted to 1.6.
Tissue processing. Small pieces (1 mm3) of the superficial
kidney cortex (from the various permeability experiments) were
excised, fixed for an additional hour in Karnovsky's aldehyde
fixative, washed in 0.15 M cacodylate buffer, pH 7.4, and
postfixed in 1% osmium tetroxide in acetate Veronal buffer, pH
7.6 for 3 hr at 4° C. Kidney tissues that had been stained with CI
were rinsed twice with distilled water and once with 12% acetic
acid, each for 15 mm, and subsequently washed with 0.15 M
cacodylate buffer, pH 7.4, and postfixed in 1% osmium tetrox-
ide in acetate-Veronal buffer, pH 7.6 for 2 to 3 hr at 4° C.
Tissues were further processed for electron microscopy as
described previously [5].
Ferritin counts. For neuraminidase treated kidneys, 10 areas
of the GBM, taken from different peripheral capillary loops
where the epithelium was detached and 10 areas where the
epithelium was adherent, were photographed and printed at a
final magnification of x 100,000. For the buffer controls, 10
sampled areas were similarly photographed. The total number
of ferritin particles in the lamina rara interna (LRI) and externa
(LRE) and lamina densa (LD) of the GBM for each set of
micrographs were counted and the data expressed as the
number of NF particles4Lm2 of LRI, LRE, and LD. The
analysis was repeated four times.
Results
Recent observations by Ryan and Karnovsky suggest that
epithelial detachment from the GBM in PAN-nephrosis leads to
enhanced leakage of NF through the GCW at the sites of lesion
and might be responsible for the observed proteinuria in this
condition [3]. To test this concept further, comparable lesions
were induced by perfusing kidneys with neuraminidase, and the
changes in NF penetrability through the GCW were determined
and compared to those seen in PAN-nephrosis.
Experiments with PAN-nephrosis. The glomeruli of nephrotic
controls after saline administration were ultrastructurally nor-
mal. CI staining revealed a prominent sialic acid-rich cell coat
along the entire visceral epithelial cell surface which was
thinner in areas where the foot processes were attached to the
GBM (Fig. 1). Perfusion with NF resulted in most of the tracer
particles being restricted to the lamina rara interna (LRI), a few
reaching as far as the lamina densa (LD), and only an occasional
one penetrating as far as the lamina rara externa (LRE) of the
GBM. At no time was NF seen in the urinary spaces (Fig. 2).
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Fig. 1. A A region of the glomerular capillary wall taken from a nephrotic control animal and stained with CI. A prominent sialic acid-rich cell coat(30 to 40 nM thick) covering the entire surface of the epithelial foot processes (fp) is readily apparent. The coat is much thinner on those surfaces of
the foot processes that are attached to the underlying basement membrane (BM). The endothelial cell (En) surfaces are also stained with CI while
the basement membrane exhibits a markedly diffuse staining pattern in the laminae rarae. Other abbreviations used are: Ep, epithelium; US,
urinary space; Cap, capillary lumen. (x115,000) B A region of the glomerular capillary wall taken from the kidney of a 6-day PAN-nephrotic rat
and stained with CI. Note that the individual epithelial foot processes (fp) have been replaced by a continuous flattened expanse of attached
visceral epithelial cytoplasm (Ep). The CI positive sialic acid cell coat is markedly reduced over the epithelial and endothelial cell surfaces. Other
abbreviations used are: US, urinary space; BM, basement membrane; Cap, capillary lumen. (x 110,000)
Induction of PAN-nephrosis resulted in marked changes in
glomerular ultrastructure as previously described [2, 3, 11, 12],
characterized by replacement of the foot processes of the GCW
with flattened expanses of visceral epithelium (Fig. 1), detach-
ment of the epithelium from the underlying GBM at certain
places and a generalized loss of the CI stainable cell coat.
Massive leakage of NF into the urinary spaces was observed at
the areas of epithelial detachment (Figs. 3 and 4). By contrast,
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Fig. 2. A A region of the glomerular capillary wall taken from the kidney of a nephrotic control that was perfused with NF (10mg/mi) in KRB-BSA.
Few of the tracer particles enter the basement membrane (BM) and of those that do, most are retained in the lamina rara interna, and only a few
reach the lamina densa and lamina rara externa. Note that no NF is seen in the urinary space (US). Other abbreviations used are:fp, epithelial foot
processes; Ep, epithelium; En, endothelium; Cap, capillary lumen. (x90,000) B A region of the glomerular capillary wall taken from the kidney of a
60-day PAN-nephrotic rat which was perfused with NF (10 mg/mI) in KRB-BSA. The foot processes have been replaced by a flattened expanse of
visceral epithelial cytoplasm (Ep) that is firmly adherent to the underlying basement membrane (BM). No enhanced penetration of NF through the
glomerular capillary wall occurs as indicated by most of the ferritin being retained in the capillary lumen and only a few particles of the tracer pene-
trating beyond the lamina densa of the basement membrane. No NF is seen in the urinary space (US). Other abbreviations used are: En,
endothelium; Cap, capillary lumen. (x 90,000) C A region of glomerular capillary wall taken from the kidney of neuraminidase control (0.IM
sodium chloride acetate buffer, pH 5.4) perfused with NF (10 mg/mi) in KRB-BSA. The ultrastructural features and localization of NF are very
similar to those observed in Fig. 2A. (X90,000).
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Fig. 3. A A high power view of a portion of the mesangium taken from a kidney of a 6-day PAN-nephrotic rat that was perfused with NF(10mg/mi)
in KRB-BSA. Note that the epithelial foot processes (Ep) are detached from the underlying basement membrane (BM) at numerous points creating
subepithelial pockets (indicated by the asterisks). In addition, ladder-like structures between foot processes are readily observable (arrows) as are
numerous lysosomes (ly) within the epithelial cytoplasm. A large concentration of NF is seen in the subepithelial pockets. (x70,000) B An electron
micrograph of the mesangial area (Me) derived from the kidney of a rat perfused with 1.0 U/mI of neuraminidase followed by NF (10 mg/mI) in
KRB-BSA. The epithelial foot processes (fp) are detached at certain places from the underlying basement membrane (BM) creating subepithelial
pockets containing high concentrations of NF. Ferritin particles enter the urinary space by defects in the intervening slit diaphragms of detached
epithelial foot processes. (x30,000)
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Table 1. Distribution of ferritin partic1es/im2 in various layers of the glomerular basement (GBM)
EXP
GBM
layers
Buffer controls
0.1 st NaC1-acetate, pH 5.4
Neuraminidase-treated
Peripheral capillary loops
without detachment
Peripheral capillary loops
with detachment
1
LRI
LD
LRE
145 26
37 12
3± 2
143 27
62 7
8± 7
275 32
173 21
106±30
2
LRI
LD
LRE
142 33
35 155± 5
156 32
56 20
7± 6
264 38
163 13
101±20
3
LRI
LD
LRE
147 31
41±11
4± 4
152 39
48±21
4± 4
289 17
169±21
101±21
4
LRI
LD
LRE
144 19
33 7
3±7
139 27
42 18
6±5
259 25
129 39
83±17
a Data represent the results of counts on 10 capillary loops from each variable of each of four experiments. Abbreviations are: LRI, lamina rara
interna; LD, lamina densa; LRE, lamina rara externa.
those areas of the GCW where the epithelium remained adher-
ent did not reveal any leakage of NF in the urinary spaces (Fig.
2). It therefore appears likely from the data obtained in the
present investigation, where NF was perfused directly through
the renal artery and the kidney fixed in situ, and from previous
findings where NF was administered intravenously and the
kidneys fixed by perfusion or immersion [3] that focal detach-
ments of the epithelium from the GBM are responsible for the
enhanced leakage of NF through the GCW and to the protein-
uria observed in PAN-nephrosis.
Animals perfused with neuraminidase. Neuraminidase con-
trol kidneys were identical to those of the nephrotic controls
with regard to ultrastructure and localization of NF within the
GBM (Fig. 2). Treatment with neuraminidase resulted in ultra-
structural changes similar to those seen in PAN-nephrotic
kidneys and included: (I) a thinning of the visceral epithelium
leading to the replacement of the interdigitating foot processes
with continuous flat expanses of cytoplasm firmly anchored to
the GBM (Fig. 5); and (2) focal detachment of the foot process-
es resulting in denuded areas of GBM of varying size, and
underlying subepithelial pockets (Fig. 5). The frequency of the
detachment sites as well as their overall size were increased
with the higher concentration of neuraminidase used and were
more common in the paramesangial regions of the glomeruli
(Fig. 5). Staining with CI revealed a reduction in visceral
epithelial surface-associated sialic acid in areas where the
epithelium was detached or remained adherent, in keeping with
the fact that neuraminidase removes sialic acid residues [8]. It is
important to emphasize that SBTI at a concentration of 1.0
pg/U of neuraminidase was included in the perfusate in order to
inhibit any tryptic-like activity that might be present as a
contaminant, thereby insuring that the morphological alter-
ations observed were due to the effects of the enzyme and not to
contaminating proteolytic activity.
Kidneys perfused with neuraminidase revealed an increased
leakage of NF only in areas of epithelial detachment. NF was
characteristically found to reach the urinary spaces, most likely
through defects in the detached epithelium (Figs. 3, 4). Morpho-
meteric analysis of neuraminidase-treated kidneys revealed an
increase in the numerical density (two-fold) of NF in GBM
areas derived from peripheral loops where the epithelium was
detached, as compared to areas of the GBM derived from
peripheral capillary ioops where the epithelium was adherent or
to the buffer controls (Table I). These data suggest that the
enhanced leakage of NF following treatment with neuramini-
dase is most likely due to the structural defect in the GCW
(epithelial detachment) rather than due to qualitative changes in
the GBM and lends further support to the concept that GCW
lesions in other nephrotic states might be responsible for the
attendant proteinuria.
Discussion
Defects in the GCW are often observed in various clinical or
experimentally induced proteinuric states [11—19]. The aim of
the present investigation was to determine whether or not such
defects could be responsible for altering the permeability barn-
Fig. 4. A (Facing page) An electron micrograph of the glomerular capillary wall of a peripheral glomerular capillary loop den ved from the kidney
of a 6-day PAN-nephrotic rat that was perfused with NF (10 mg/mi) in KRB-BSA. The epithelium (Ep) is detached from the basement membrane
(BM) creating a subepithelial pocket (asterisk) in which the floor is formed by the denuded basement membrane and the roof and sides by the
detached epithelium. Ferritin particles readily penetrate the GBM and accumulate in the subepithelial pocket. Note the prominent lysosomes (ly)
and vacuoles containing NF, the latter derived from endocytosis of ferritin from the subepithelial pocket. Ferritin is also present in the urinary
spaces (US). (x80,000)B An electron micrograph of the glomerular capillary wall from a peripheral capillary loop derived from a kidney perfused
initially with 1.0 U/mi of neuraminidase followed by NF (10 mg/mI) in KRB-BSA. The epithelium is detached creating a subepithelial pocket
(between asterisks). NF readily penetrates the basement membrane (BM), accumulates in the subepithelial pocket and from there reaches the
urinary space (US) by means of gaps in the slit diaphragms between the detached foot processes (fp). Cap means capillary lumen. (x90,000)
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Fig. 5. A A region ofthe glomerular capillary wall taken from a kidney that was perfused with 0.5 U/mI of neuraminidase and stained with CI. Note
that the individual foot processes have been replaced by a continuous expanse of flattened visceral epithelial cytoplasm (Ep) that remains attached
to the basement membrane (BM). At this concentration of neuraminidase few areas of epithelial detachment are seen; some reduction in the
epithelial cell coat is apparent. Other abbreviations used are: US, urinary space; En, endothelium; Cap, capillary lumen. (x25,000) BA region of
the glomerular capillary wall taken from a paramesangial capillary loop derived from a kidney that was perfused with 1.0 U/mI of neuraminidase
and stained with CI. The foot processes (fp) maintain their individuality but detach at the focal areas from the underlying basement membrane (BM)
creating subepithelial pockets of varying size (asterisk). The endothelium (En) also detaches from the BM at certain places. At this concentration of
neuraminidase flattened expanses of adherent visceral epithelium are rarely seen and the CI positive cell coat is further reduced. Other
abbreviations used are: US, urinary space; Me, mesangium. (x60,000)
er properties of the GCW to plasma macromolecules and thus
explain the observed proteinuria in these conditions. To accom-
plish this, structural defects in the GCW of rat kidneys,
characterized by focal detachment of the epithelial foot pro-
cesses from the GBM, were created by either perfusing kidneys
with highly purified neuraminidase [8] or by the induction of
nephrosis through a single injection of puromycin aminonucleo-
side [3]. The kidneys were then perfused with NF in order to
evaluate the permeability of the GCW to the tracer. The data
obtained clearly indicate that a marked increase in the perme-
ability of the GCW to NF occurs in areas where the epithelium
is detached from the underlying GBM but remains normal
where the epithelium is adherent. In fact, even in areas where
the epithelium is drastically altered in shape, as indicated by the
replacement of the normal arrangement of foot processes by
flattened expanses of continuous epithelium, NF permeability
remains normal so long as attachment to the GBM is main-
tained. An additional finding is that epithelial detachment
occurs more frequently in the paramesangial areas of glomeruli,
and suggests that the GCW in these areas might be more
sensitive to damage by various experimental manipulations, as
well as in various types of clinical nephroses.
That the changes observed in the permeability to NF are, in
fact, due to the epithelial detachment process itself and not to
changes in either the composition of the GBM or other compo-
nents of the GCW is indicated by the following facts: (1) No
alteration in either the number or distribution of the heparan
sulfate-rich anionic sites [5], as determined by binding studies
with cationic probes or ruthenium red staining, was found to
occur in either PAN-nephrotic kidneys [6] or kidneys perfused
with neuraminidase [8]. (2) Of those changes that do occur in
the GBM, which include thinning of the lamina densa and a
reduction in its overall charge density [7], both are present in
areas where the epithelium is detached as well as where it
remains adherent, but increased NF permeability occurs only in
areas where the epithelium is detached. (3) A decrease in
epithelial surface membrane-associated sialic acid, as judged by
a reduction in CI staining, occurs in PAN-nephrosis [4] as well
as in kidneys perfused with neuraminidase [8], but this also is an
unlikely cause of the enhanced permeability because the de-
crease is seen over the visceral epithelium that is both detached
and adherent [4, 8]. Thus, the only consistent positive correla-
tion found is that between enhanced permeability of the GCW
to NF on the one hand and the presence of the epithelial
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detachment on the other, suggesting that it is the detachment
process itself that is responsible for the altered permeability of
the GCW to the tracer. This finding is at variance with the
previous interpretation of Olson, Rennke, and Venkatachalam
[19] which suggested that it was primarily a defect in the charge
selective filtration barrier that was responsible for the observed
proteinuria in PAN-nephrosis.
Also supporting this contention is the fact that similar defects
in the GCW, characterized by foot process detachment, occur
in various nephroses which exhibit proteinuria, such as, protein
overload nephritis [141, autologous immune complex nephritis
[15], antiglomerular basement membrane nephritis [161 among
others [13, 17, 181. A further consistent finding is that the
defects become more prominent in the latter stages of these
diseases at a time when maximal proteinuria occurs [12, 14, 15].
The question then arises as to how epithelial detachment
leads to an increase in the permeability of the GCW to plasma
macromolecules given the fact that the GBM barrier remains
relatively intact. Although this question cannot be fully an-
swered in view of the paucity of data currently available, a
reasonable hypothesis can be offered. It is known that the
visceral epithelial cells give rise to primary processes which in
turn branch to form innumerable foot processes. The foot
processes from the same cell and from neighboring cells are in
turn connected to each other via slit diaphragms and the
complex so formed covers the entire GBM surface that is
exposed to the urinary spaces. Such an arrangement would be
expected to provide intimate support to the GBM and to impart
to the GCW enhanced rigidity and reduced compliance. It may
therefore be expected that focal disruptions in the attachment of
the foot processes to the GBM would decrease the rigidity and
increase the compliance of the area of the GCW so affected
leading in turn to (1) perturbations in local glomerular blood
flow and (2) an increase in the transmural hydraulic driving
force; the net result of these changes being an accelerated bulk
flow of tracer or plasma macromolecules through denuded
areas of the GBM, initially into the subepithelial pockets, and
subsequently from there into the outlying urinary spaces. This
idea is supported by the studies in which disturbances in
intraglomerular hemodynamics has been shown to lead to
alterations in the permeability properties of the GCW to various
tracer macromolecules [20—221.
In light of these findings, it is important to establish if the
primary filtration barrier to plasma macromolecules resides
within the GBM, the foot process-slit diaphragm complex, or
both. Studies by Farquhar, Wissig, and Palade [23] using native
ferritin and Caulfield and Farquhar [24] using dextrans of
varying molecular weight indicate that the GBM is the main
filtration barrier to plasma macromolecules because both NF
and large molecular weight dextrans were not found to pene-
trate beyond the LRI of the GBM. Other investigators using a
wide variety of macromolecular tracers have shown that the
GBM acts as both a charge [25—30] and size [24, 25, 31—33]
selective barrier to permeating plasma macromolecules.
Recently, the charge barrier properties of the GBM has been
attributed to a quasi-regular lattice-like network of anionic sites
spaced —640 A apart and concentrated in the laminae rarae of
the GBM [5]. Biochemical [34] and cytochemical [35] analyses
revealed these sites to be composed of the highly negatively
charged glycosaminoglycan (GAG) heparan sulfate. In addi-
tion, other species of GAG, hyaluronic acid, and chondroitin
sulfate [36, 37] have also been detected in the GBM, although
their precise localization remains unknown. Because GAGs, in
addition to being highly negatively charged, are also highly
branched structures that are capable of forming complex gels
containing hydrated channels which exhibit specific steric ex-
clusion properties to various macromolecules [38], they are
ideally suited to impart to the GBM its size barrier properties as
well, and may be responsible for creating within the GBM the
hypothesized pores through which the glomerular filtrate is
believed to pass from the capillary lumina to the urinary spaces
[39]. That GAGs do endow the GBM with its barrier properties
is demonstrated by findings that their removal, either singly or
in combination by specific GAG-degrading enzymes, leads to
enhanced permeability of the GBM to large anionic tracers such
as NF [10] and to smaller more physiological probes such as
iodinated albumin [40]. It would seem, therefore, that the GBM
does indeed play an important role in establishing the barrier
properties of the GCW. However, that it is the only component
of the GCW that serves this function is doubtful in view of the
fact that in the presently obtained data increased NF permeabil-
ity was noted in areas where the epithelial foot process-slit
diaphragm complex was detached, in spite of the fact that the
GBM at these sites remained structurally intact. In fact, high
molecular weight dextrans, perfused through PAN-nephrotic
kidneys, have been shown previously to readily penetrate the
GBM and enter the subepithelial pockets and urinary spaces at
the sites of epithelial detachment, although this was attributed
to changes in, or damage to, the GBM, rather than to the
detachment process itself [41].
In conclusion, the permeability properties of the GCW are
most likely due to both the firm attachment of the foot process-
slit diaphragm complex to the GBM and to the charge and size
selective barrier properties of the GBM, with the former
allowing for the establishment of intraglomerular hemodynamic
forces, that enable the latter to act as fine discriminators
precisely regulating the passage of macromolecules on the basis
of their size, type of charge, charge density, and shape. It may,
therefore, be expected that epithelial detachment could lead to
major glomerular hemodynamic changes that effectively over-
ride the barrier properties of the GBM, leading to enhanced
bulk flow of plasma macromolecules from capillary lumina
through the GCW into the urinary spaces.
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